The design of the interaction region for an e ? e ? collider will involve an understanding of beam-beam e ects, detector backgrounds, and the constraints required to maintain very small beam spot sizes. This paper reviews progress in the design of the e + e ? interaction region of the proposed SLAC X-band NLC as a base design for the e ? e ? detector.
Introduction
The machine parameters currently envisaged for an e ? e ? collider are similar to those of the e + e ? Next Linear Collider (NLC). As some progress has been made on the issues important to the e + e ? interaction region (IR), and as the design of a devoted e ? e ? IR is just beginning, this paper will review the status of the NLC IR design. Table 1 summarizes some of the machine design parameters important to the physics capabilities of the NLC and to the design of the IR and detector. Three sets of parameters are considered for each of the two machine energies. They are meant to de ne a volume in parameter space within which the luminosity is roughly constant. The volume's axes, roughly speaking, are rf power (bunch charge and number of bunches per cycle), damping ring and linac performance (y invarient emittance and small beam spot size), and IR concerns (vibration tolerance, beambeam e ects, backgrounds).
The choice of X-band rf for the NLC sets the interbunch separation at 1.4 ns (42 cm). In order to have each bunch interact only with its partner there must be a crossing angle at the IP. A 10 mrad angle is put into the NLC at the \big bend", just after the post-linac collimation section before the nal focus. The bend helps to reduce the muon ux that results when the beam interacts with the collimators. The size of the collimator apertures are fabrication di culties and wake eld e ects limit collimator apertures, measured in units of beam widths, to a minimumof 7 x 35 y . Beam tails and these apertures determine the level of muons produced. The apertures, the nal focus lattice, and assumptions on the non-Gaussian beam-tails determine the production of synchrotron radiation (SR). The design of the masking system and the value of detector's solenoidal eld control the backgrounds caused by the SR photons. The high charge density in each bunch causes particles in one bunch to interact with the overall eld of the opposing bunch. This so-called beam-beam interaction results in a luminosity enhancement for e + e ? as the beams are attracted to each other, and a corresponding luminosity de-enhancement for e ? e ? . In either case, the resulting acceleration results in the copious production of photons, which will smear the luminosity spectrum as a function of p s. The photons can themselves interact coherently with the eld of the opposing bunch, or interact with the individual e of the opposing bunch to produce e + e ? pairs. While predominately produced at low p t , these pairs can cause problems in the detector and must also be controlled by the solenoidal eld and the masking. The interactions can cause the production of jets of hadrons with high p t . Background problems are exacerbated by the 1.4 ns bunch structure of the NLC. Particle detectors with good timing resolution will be required to separate the background hits arising from other bunches in the train from those hits produced in the interaction that caused the trigger. Trigger schemes may need to be developed to control the rate at which these backgrounds trigger the detector.
The issue of dealing with the 3.6{7.0 nm y-spot sizes strongly a ects the design of the IR. The nal doublet will require support structures or stabilizing schemes for isolation against naturally occurring ground vibrations and motion driven by local laboratory sources, such as pumps and the ow of cooling uids. Any device that might be required to sense or control the inertial or relative movement of the quads must be accommodated by the detector. 
The Luminosity Spectrum
Ideally, the beam energy at the NLC would be a delta function at the design energy. It could then trivially be used as a constraint in any physics analysis. The nite energy spread of the NLC, initial state radiation e ects, and the production of photons in the beam-beam interaction will degrade the delta function to a spectrum. The spectrum can be unfolded from any physics analysis if it is not too broad, where \too" is determined by the speci c physics channel of interest, and if we can accurately measure the spectrum. Figure 1 shows the expected beam energy spread at the IP for the 1 TeV design. The shape comes from the bunch compression that sets the beam spot size in z. At the NLC the e ects of initial state radiation (ISR) will be about the same as that at SLC or LEP II. The scale of the problem is set by the variable L = lns=m 2 e . L varies from 24.2 to 29.8 as p s goes from m z to 1.5 TeV. The amount of luminosity smearing is irreducible and therefore sets the scale for how small the smearing due to the beam energy spread and the beamstrahlung must be. The e ect of ISR on the electron momentum distribution is described using the distribution D e (z; s) derived by Fadin 
Beam Energy Spread and Initial State Radiation

Beamstrahlung
As one bunch of beam particles passes through the electromagnetic eld of the opposing bunch radiation will be emitted. The photons thus produced are called \beamstrahlung" photons. The subject has been extensively discussed 3;4 in the literature. The probability that a particle will radiate and the characteristic energy of the radiation are determined by the eld density, that is, by the bunch charge and dimensions. When this eld is high relative to that eld which does an amount of work equal to m e c 2 when an electron travels one compton wavelength in it, beamstrahlung is more likely to occur. Table  1 summarizes the situation by listing the values of , the ratio of the bunch's eld to the critical eld, N , the number of beamstrahlung photons produced per electron per bunch crossing, the average fractional energy loss due to beamstrahlung, and the fraction of the luminosity falling within 1% of the nominal center of mass energy.
The machine parameter sets have been chosen so that the beamstrahlung induced smearing of the luminosity spectrum is not substantially worse than the luminosity smearing due to initial state radiation.
The signi cance of the luminosity smearing depends on the physics channel under study. For discovery physics some measure such as the fraction of the luminosity with p s > 90% of nominal is probably the best gure of merit. Attention is generally focused on the region within 1% of the nominal energy, as it is critical for an excellent determination of the top quark mass. As this consideration is not relevant for e ? e ? studies, the reader is refered to D. Miller's work on the subject and to the various physics workshops where the subject is covered in great detail. 5 
Detector Background Sources
As the beamstrahlung photons travel in the high eld region of the opposing bunch, they produce e + e ? pairs. If de ected to large enough angles, the pairs can enter the detector and cause unwanted backgrounds. When is large the pairs are coherently produced as the virtual e + e ? pairs accompanying the beamstrahlung exchange energy-momentum with the strong electromagnetic eld and are kicked on-shell. As long as < 0:3 the number of coherently produced pairs per bunch crossing is negligible. This has been a design constraint of all colliders to date and seems reasonably easy to achieve at the start up energy of 500 GeV. When < 0:3 the incoherent pair creation processes become dominant. In these the e + e ? pairs are created through individual scattering of real beamstrahlung photons through the BreitWheeler ( !e + e ? ) and Bethe-Heitler (e !e e + e ? ) processes, and through the scattering of virtual photons through the Landau-Lifshitz (e + e ? !e + e ? e + e ? ) process. Figure 3 plots the contributions from each of the sources of pair production versus . Table 1 lists the number of pairs produced for the di erent parameter lists at 500 GeV and 1 TeV.
While the number of pairs per train crossing is on the order of 10 5 , they are mostly produced at very low p t . Masking schemes can be designed which, in conjunction with the detector's solenoidal eld, protects the detector from the majority of the de ected pairs. The mask takes the form of a truncated cone which begins about 0.5 m from the interaction point and has an opening angle determined by the maximum kick the pair can receive from the eld of the opposing beam. It de nes a so-called \dead cone" within which the detector is blind. The dead cone is on the order of 100 mrad and is tabulated for the various machine designs in Table 1 . The thickness of the mask must be determined by detailed simulations to be adequate to stop the debris of the interacting particles. Typically, the angle de ning the outer dimension of the mask is 150{200 mrad.
The number of pairs produced with su cient p t and scattering angle so that they escape the dead cone are plotted as well in Fig. 3 . Their number is down by four orders of magnitude. Schemes for dealing with them depend on the bunch time separation of the machine and on the timing capabilities of the detector.
Hadronic Backgrounds from Interactions
In addition to the electromagnetic processes discussed above, the beamstrahlung photons can interact to produce hadrons and jets of hadrons. By folding the beamstrahlung spectrum into cross section estimates using an equivalent photon approximation, these hadronic rates can be estimated. 2 Hadronic events produced by beamstrahlung annihilation are expected to be benign. Most of the hadronic events are minimum-bias events with small transverse momentumand small center-of-mass energy. Furthermore, the two photons involved in the collision usually have very di erent energies so that the hadronic system is highly boosted along the beam direction. Monte Carlo studies have demonstrated that the mean energy deposited in a detector from an hadronic background event will be 8 and 11 GeV for colliders with p s=500 and 1000 GeV, respectively. Here it is assumed that the detector has typical electromagnetic and hadronic calorimetry over the full solid angle with the exception of a hole (dead cone) with j cos j > 0:985. The energy deposition with a larger solid angle dead cone of j cos j > 0:900 will be 3.3 GeV and 4.4 GeV for p s=500 and 1000 GeV, respectively.
Quadrupole and Bend Synchrotron Radiation
The small beam spot at the IP is obtained by the use of strong focusing magnetic quadrupole lenses close to the IP. These can cause synchrotron radiation (SR) backgrounds in the detector. Data at the SLD detector is in agreement with SR calculations that are dominated by an assumed 1% non-Gaussian beam tail producing photons which hit the beam pipe near the tip of the innermost quadrupole QFT1. This source is controlled by collimation of the beam and by limiting the angular divergence at the IP.
Preliminary calculations of NLC synchrotron radiation have been performed for the 1 TeV machine using the parameter set A of Table 1 . Results quoted here are for a single bunch crossing. As the detector will probably integrate backgrounds over a bunch train, the single-bunch numbers should be multiplied by 90 bunches/train when appropriate. The arbitrary 1% \ at tail" can be scaled as desired. We initially consider the inside of a cylindrical surface of radius 5.0 mm and length 4.3 m, between 2.0 and 6.3 m from the IP. This includes the 4.0 m magnet and a mask that is likely to precede QFT1. We also consider a magnet tapered to a 3.9 mm radius aperture.
The Gaussian beam results in 4:5 10 7 photons above 10 keV energy incident on the inside of a cylindrical QFT1 of 5.0 mm radius. These photons are all from the nal bend, and have a critical energy of 200 keV. If QFT1 is tapered to 3.9 mm radius, the number of incident photons increases by a factor of ten. The 1% tail results in 1:4 10 6 photons with an average energy of 18 MeV incident inside QFT1. About 50% of the incident SR energy is from QFT2 and 50% from QFT1 itself. The vast majority of these photons would be eliminated by slightly tighter collimation at 33 y , or by a slightly larger aperture in QFT1. The energy distributions for the beam core and tail are shown in Fig. 4 .
The nominal aperture of 5.0 mm used in the above discussion may need to be decreased to allow for a large aperture dump line quad. If required, QFT1 may have an aperture that decreases in steps to 3.9 mm at the end nearest the IP. When the SR calculations are repeated with this tapered aperture, we nd more SR incident inside QFT1 for both the Gaussian core and the tail, as shown in Fig. 4 . The increase for the tail is dramatic, about 2 orders of magnitude. The SR incident inside QFT1 in this case is dominated by SR generated in QFT1 itself, and the collimation would have to be tightened substantially to about 27 y to obtain a signi cant reduction. Figure 5 shows the results of calculations for the at tail for several assumptions about the collimation in the vertical direction. In all cases the collimation in the horizontal direction is at 7 x . Signi cant reductions can be obtained by tighter collimation. The most troublesome QSR incident inside Q1 is generated in Q2 and Q1. Modi cations being considered for the nal doublet are likely to a ect this aspect of these calculations. 
Muon Backgrounds
The same collimators which protect the detector from SR backgrounds produce considerable numbers of muons as the incoming beam interacts with them, primarily through the Bethe-Heitler process e N !e + ? N. To limit the number of muons reaching the detector the NLC design incorporates a so-called \Big Bend" of 10 mrad after the collimation section which is located immediately after the linac, 5 km from the IP. Quantitative studies 6 of the problem have been made using an enhanced version of a program originally written to solve the muon problem when it was rst encountered in 1989 at the SLC. These studies have shown that the \Big Bend", the tunnel cross section, and the use of tunnel-lling \spoiler-magnets" to intercept and de ect the muons each reduce the muon ux reaching the detector by about a factor of ten. Figure 6 shows a schematic of the collimation and nal focus beam transport sections used in the most recent 1 TeV study. 7 At this time the collimation section was only 2 km from the IP and the big bend was 10 mrad. The calculation used a 3.05-m-square cross section concrete tunnel through sandstone. The detector was assumed to have a 4.5-m-radius cross section centered on the IP. Figure 7 shows the number of beam particles which must hit a collimator to produce one muon in the detector as a function of source location in the beam line. The source points include the six Hi-Z collimators in the collimation section and collimators at four high-beta points in the nal focus, which are potential scrapers of beam-gas coulomb scattering or beam-gas bremsstrahlung.
From the curve labelled \No spoilers" it is seen that a 1% beam loss, or 10 10 /bunch train, anywhere in the collimation section will result in a muon background which is many orders of magnitude away from the design goal of one muon in the detector. The curve labelled \Magnetized spoilers ll tunnel" is the result of adding magnitized iron spoilers which ll the tunnel at three locations in the nal focus and one magnetized iron piece in the tunnel aisle next to the 10 mrad big bend. Each spoiler is 9.1 m long, weighs 750 tons and would cost $2{3 million installed. There is a more than a three orders of magnitude improvement over the case with no muon spoilers, allowing for the goal of 1% beam loss with one muon reaching the detector.
The curve labelled \Magnetized cylinders" in Fig. 7 shows the results of an alternate spoiler design wherein one lls all drift spaces in the collimation section with nested iron cylinders with opposite-polarity azimuthal magnetic elds. The result is considerably worse than for magnetized iron spoilers because the cylinders must be interrupted by beam elements which disperse muons away from the cylinders and disrupt the channeling orbits.
These studies must be repeated incorporating the current design for the collimation section, big bend, and nal focus. The tunnel and magnet design and the placement and support of the beam line in the tunnel are important inputs to the program. We note that the muon background problem should be slightly better in an e + e ? machine, as the direct e + annihilation channel, e + e ? ! + ? , is absent. 
Detector Issues
There has been much less thought devoted to the NLC detector than to the accelerator itself. To date the detector is envisioned to follow the now standard solenoidal architecture of e + e ? machines. Table 2 gives a list of possible physics-motivated speci cations as summarized in a recent review. 8 A pixel vertex detector (presumably CCD's), has been frequently suggested because of its robustness against the beam-beam and SR induced backgrounds. Another issue unique to a NLC detector is how, if at all, particle detection must be compromised to provide an adequate support for the FF quadrupole system that produces the 3-5 nm spots required for high luminosity. In the extreme, supporting the quads might require the intrusion of a static steel and concrete buttress into the region normally reserved for a moveable endcap \door".
To begin to answer this question, vibration measurements have been made of the SLD nal focus quadrupoles. The SLD nal focus quads are a superconducting triplet supported from SLD's endcap door. In the nal focus tunnel leading to the collider hall and SLD, the seismometers measured about 10 nm of rms vertical motion above f = 1 Hz. On the triplets themselves, the measurements were in the range of 30{50 nm of vertical rms motion above f = 1 Hz. These measurements were made with the solenoid cooling water on and the cryogenic He ow on. There was no observed e ect from the He ow, though there appeared to be an e ect due to the cooling water.
It appears that triplet vibrations do not cause loss of luminosity at the SLC where the beam sizes are greater than 500 nm. At 50 nm in an NLD, the vibration would need to be measured and corrected for to about 1 nm accuracy. Nonetheless, it appears that a conventional architecture for the detector is not excluded and that superconducting magnets are acceptable in the nal focus, so that one is not limited to permanent magnets. 
E ect of backgrounds on the detector
The zero-th order masking design for the IP is shown in Fig. 8 . This geometry has been programmed into EGS4 to understand the e ects of the interactions of beamstrahlung produced pairs and SR photons. A. Beamstrahlung produced pairs
The ABEL simulation of the beam-beam interaction has been used to simulate the 500 GeV and 1 TeV \A" machine designs listed in Table 1 . The simulations used a 10 MeV cut on pair member energy. As the bremsstrahlung probability for high Z materials is not negligible at 10 MeV, the cuto energy should be lowered to 1 MeV in ABEL. With this caveat, Fig. 9 shows the number of photons per bunch crossing striking a scoring plane at r = 25 cm, the nominal position of the inner wall of a central tracking chamber as a function of the solenoidal eld of the detector. The number of electrons crossing the scoring plane is negligible. We have not yet put into the simulation any material which would correspond to a vertex detector, hence there will eventually be more conversions. If one wants the number of hits per bunch train crossing, one must multiply by an additional factor of 90. Figure 10 shows the number of photons per cm 2 per bunch crossing striking massless scoring planes from r = 2 cm to r = 20 cm, assuming a detector solenoid eld of 2 Tesla. The number of electrons crossing each scoring plane is negligible. These hit densities can be used to optimize the position of a vertex detector or intermediate tracker.
The gure of merit we have traditionally used for the maximum allowable detector hit density, assuming a pixel-based vertex detector, is 1/mm 2 /train crossing. As Fig. 10 shows 1/mm 2 as the maximum photon hit density per train, i.e. before conversion, the background would seem to be completely manageable. However, early studies of this e ect in 1993 showed much larger backgrounds; we are in the process of reconciling those studies with the current results.
At this point, the lesson we can draw from these studies is that having a beam pipe radius less than 2 cm will require a eld strength greater than 2 Tesla. Most of the photons produced come from the interaction of the pairs with the beam pipe and from backscattering from the surfaces which are the closest in z to the IP, namely the luminosity monitor at z = 190 cm, the front face of the quadrupole doublet at 2 m, and the septum of the RF shield, currently at 150 cm. The IR design should pull back the beam pipe to a larger radius as soon as it is past the maximum z required by the vertex detector, limited only by wake eld considerations to have a smooth transition from the FF quad inner aperture to the beam pipe. If, when all residual questions as to the normalization of the simulation are understood, the e ect of the photon hits in the central tracker are supportable, we may be able to decrease the distance between the IP and the quad face, which would make the FF optical design much easier. At present the conical tungsten mask M1 between 100 and 150 mrad seems completely adequate to shield against pair induced backgrounds. The long tungsten skirt around the quad pair, mask M2, appears necessary in the z area around the quad face. It does not appear to be necessary that M2 be 3 m long, nor 10 cm thick.
B. Synchrotron Radiation Backgrounds
To estimate detector backgrounds we assume that the SR photons: 1) are uniformly distributed in z and along the Q1 inner surface with a total ux of 4.3 10 8 photons per bunch, 2) have a uniform energy distribution in log(E) between 10 KeV and 10 MeV, and 3) have a divergence angle of 30 radians. The complete history of secondary photons produced from the incident synchrotron photons was traced using EGS, and the background photon ux in the detector was calculated. The number of photons coming out of Q1 is 10 6 photons per bunch, and those photons with angle between 10 and 30 mrad with respect to the beam line interact with the beam pipe within z = 50 cm or hit the downstream M1 face, contributing major backgrounds in the detector. Figure 11 shows the number of photons per cm 2 per bunch crossing striking massless scoring planes from r = 2 cm to r = 20 cm. While the photon density in vertex detector is less than 2 photons/cm 2 per bunch and is tolerable, the total number of photons striking the tracking chamber at r = 25 cm and z= 100 cm is 3.6 10 4 photons/bunch. The large photon ux is not tolerable if we want to use a drift chamber. The photon backgrounds can be reduced by pulling back the beam pipe to a larger radius as soon as it is past the maximum z required by the vertex detector.
These calculations indicate that the SR backgrounds are potentially serious if a drift chamber is used. While the backgrounds from the beam-beam interaction can be reduced by using a higher strength solenoidal eld, as shown in Fig. 9 , the SR backgrounds are not a ected in the same way. Rather, the machine collimation and nal focus scheme must be designed so that the photon ux striking the inner surface of Q1 is substantially reduced. Figure 12 , a schematic of the interaction region, indicates the 4 quads nearest the IP for the incoming beam, and the approximate dimensions of the main detector subsystems. The quad nearest the IP, QA, is a high gradient permanent magnet to accommodate the quad which collects the outgoing beam, only 40 mm at z = 2 m. Q1 is a superconducting magnet to allow tuning of the nal focus at di erent beam energies. The two Q2 magnets are normal magnets. QA and Q1 are vertically focusing, while the Q2s are horizontally focusing. For a 5 nm vertical spotsize at the IP, the tolerances for uncorrelated vertical vibrations of QA and Q1 are at the nm-level. The vertical vibration tolerances for the Q2 magnets are about a factor of 3 less severe. They are mounted outside the detector volume in bedrock and will not be considered further here. The quadrupole alignment tolerances are very insensitive to disturbances with wavelengths long compared to the local lattice betatron wavelength. The dominant seismic e ect is due to the microseismic peak, which has an amplitude of about 100{200 nm and a frequency of about 0.15 Hz. The wavelength of this disturbance, however, is many kilometers and so does not cause a relative misalignment of the nal focus quads. Disturbances with frequencies below 1 Hz show highly correlated motion over separations of up to 100s of meters, and the residual uncorrelated motion for the opposing nal focus quads should be correctable by means of slow beam-based feedback. This feedback can monitor the de ection angles of the colliding beams to determine corrections to be made to the incoming beam trajectories. For frequencies above 1 Hz, seismic motion at quiet sites is less than 1nm and therefore less than the tolerance for the nal focus quads. Thus, if one could x QA and Q1 to bedrock tens of meters below the earth's surface, seismic motion would have a negligible e ect on colliding beam luminosity.
Vibration suppression for the nal focus quadrupoles
As constructing independent supports for the nal quadrupoles would compromise 4 solid angle coverage, one would like to devise a scheme where they can be supported from the detector. Changing thermal gradients, cooling system noise, cultural noise and ampli cation of noise sources by the mechanical structure of the detector all contribute to vibration, which, you recall, was measured on the SLD quads as 50 nm rms for frequencies above 1 Hz. While both optical and inertial measurement techniques can detect sub-nm motion, it may not be feasible to use inertial devices inside the magnetic eld of the detector. The alternative method suggested in Fig. 12 is to use a laser interferometer. The interferometric signal might be applied to an external correction magnet to stabilize beam trajectory. A more direct approach would be active piezoelectric positioning of the quadrupoles themselves. This approach has all the advantages of linearity and stability intrinsic to direct closed loop feedback regulation around a null.
Using conceptually identical interferometric techniques, the LIGO experiment 9 proposes to measure the relative displacement of two masses, separated by 10 km, to a precision of 10 ?18 m for frequencies greater than 100 Hz. At the NLC, we only need to measure the relative displacement of the nal quad doublets, separated by 10 m, to a precision of 10 ?9 m. Accomodating the detector geometry and measuring to frequencies below 50 Hz, where motion amplitudes are much greater, complicates the problem for the NLC.
In the interferometer, we wish to detect relative changes in the lengths of the optical arms, l 1 and l 2 , by monitoring intensity changes on the photodiode. For laser light of wavelength = 633 nm, and path length change (l 1 ?l 2 ) = 1 nm, one will have a phase change of = 0:02 which would cause a 2% intensity change on the photodiode. To achieve this resolution the laser's intensity stability, frequency stability and power must satisfy certain tolerances, which, fortunately, are met by commercial frequency-stabilized He-Ne lasers of modest cost. The tolerances on pressure and temperature uctuations in the optical transport arms require that they be evacuated and that the temperature be controlled to 0.1 C. Figure 13 shows a possible scheme for this interferometric \optical anchor", 10 where the optical paths to the corner cube re ectors mounted in stable rock are angled at 60 . For this geometry, the di erential change in optical path between the 2 arms d equals the transverse motion of the beam splitter S. Each quadrupole would require individual interferometers at each end to measure y transverse motion. Optical transport arms from the quad to bedrock retro-re ectors would be 15{ 20 m long and would require vacuum pipes 60{80 mm in diameter out through the detector.
Measurement of Polarization
One key advantage of doing physics at the NLC is that the electron beam will be highly polarized. The experimental challenge is to measure this polarization accurately enough for the physics channel under study. At the SLC this is accomplished to an accuracy of ' 0:5% using a Compton polarimeter. At the NLC depolarization 11 occurs during the beam-beam interaction by the spin-ip e ect from beamstrahlung (Sokolov-Ternov e ect). For the range of parameters of the collider designs under discussion, one can place the limit P < 0:04n . We need to determine if this limits the precision to which the polarization needs to be measured.
Conclusions
While constructing the detector and IR of either an e ? e ? or e + e ? collider will be challenging, there does not appear to be any \show-stopping" problems. If an accelerator can be built to provide the required luminosity, the detector can be designed to accept it.
